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[57] ABSTRACT 

Driving of a three-phase motor includes controlling ihe slip 
of the motor by way of a fuzzy logic algorithm. The 
simplicity and precision of the fuzzy control of the slip 
permits dynamically optimizing the efficiency of a three- 
phase motor under any operating condition, and thereby 
minimizing power consumption. The control is carried out 
by knowing: the effective speed of the motor that represents 
the feedback value, and that may be provided by a common 
encoder (typically a dynamo or an optic device) keyed on the 
motor's spindled; the staler frequency imposed on the 
motor; the required speed; and, of course, the characteristic 
curve (frequency -torque) of the motor. 

27 Claims, 4 Drawing Sheets 
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DRIVING OF A THREE-PHASE MOTOR 
WITH FUZZY LOGIC CONTROL OF THE 
SLIP 

FIELD OF THE INVENTION 

The present invention relates to three-phase motors, and, 
more particularly, to control systems for such motors. 

BACKGROUND OF THE INVENTION 

Nowadays, thanks to the technological developments in 
the field, it is becoming more convenient in many 
applications, such as also in the "consumer" sector, to use a 
three-phase motor in place of the more traditional, so-called 
universal motor. In particular, the use of three-phase motors 
is rapidly spreading to domestic appliances. The typical 
characteristic curve of a three-phase motor is shown in FIG. 
1, while the characteristic curve that could be obtained by 
exerting a correct control of the operating conditions is 
shown in FIG. 2. 

As it may be observed, a generic three-phase motor has a 
high torque at start-up, a low torque at high speeds, a high 
slip and a relatively low efficiency. In contrast, an equivalent 
motor when electronically controlled has a reduced slip, a 
high efficiency and can provide for a high torque also at high 
speeds. 

To implement an accurate control of a three-phase motor, 
beside controlling the stator frequency, it is also necessary to 
implement an effective control of the slip, which represents 
the difference between the frequency of the stator and the 
frequency of the rotor (which corresponds to the motor 
rotation speed). This control is essential if the motor is to be 
employed to the limits of its capabilities, that is, to the 
maximum of its performances. Indeed, under extreme con- 
ditions a precisely controlled functioning is very important. 
To optimize efficiency, it is necessary that the operating 
point of the motor be precisely controlled. A slip too small, 
as well as a slip too large, may cause a decrease of the 
efficiency and make attaining top performances very diffi- 
cult. 

Slip is commonly controlled by the use of a micropro- 
cessor storing in a look-up table a scries of permitted slip 
values (usually expressed in percentages of the stator 
frequency). Unfortunately, using a look-up table, that is, a 
set of pre-defined regulation values, is limiting because it 
does not allow for a dynamic self-adapting control upon 
changing conditions of operation of the motor. 

SUMMARY OF THE INVENTION 

In view of the foregoing background, it is therefore an 
object of the invention to provide a control system for a 
three-phase motor that is more efficient than known systems, 
with the ability of self-adapting to changing operating 
conditions of the motor to ensure an optimal control. This is 
achieved by controlling the slip of the motor by way of a 
fuzzy logic algorithm in accordance with the present inven- 
tion. 

It has been found that the simplicity and precision of a 
fuzzy control of the slip permits dynamically optimizing the 
efficiency of a three-phase motor under any operating 
condition, and thereby minimizing power consumption. 
Moreover, by minimizing the power consumption, it is 
possible to reduce the size of the power stages and the cost 
of the whole motor-drive system. The use of a program- 
mable control device permits a great flexibility of the device 
that may be easily adapted to any modification of the 
components of the system or of a crucial parameter of the 
system. 
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The control is carried out by knowing: a) the effective 
speed of the motor that represents the feedback value, and 
that may be provided by a common encoder (typically a 
dynamo or an optic device) keyed on the motor's spindled; 
5 b) the stator frequency imposed on the motor; c) the required 
speed; and d) of course, the characteristic curve (frequency- 
torque) of the motor. 

The slip is measured by the microprocessor according to 
the following formula: 

to 

15 It may take both positive and negative values and is 
converted into a word or digital datum, codified for example 
with 7 bits phis an eighth sign-bit that is compressed to a 
range: -127 and +128. This constitutes the starting datum 
from which a pulse width modulation (PWM) index and the 

20 base frequency of the driving signals of the respective phase 
windings of the motor (that is the stator frequency and the 
PWM modulation to be applied to the motor, depending on 
the load and the required speed) are calculated. The fuzzy 
logic control of the slip is implemented according to fuzzy 

25 rules that will be illustrated later to define only a minimum 
and a maximum limit of the PWM modulation index. 

During the running of the motor, the slip assumes through 
successive corrections, the least value that maintains the 
desired operating point. The limit values (max. and min.) 

30 may be determined either heuristicaUy or by a complete 
characterization of the motor's electrical parameters. 

An important advantage of the fuzzy logic control system 
of the invention is that of determining automatically the 

^ 5 optimal value of the PWM modulation index, without 
unduly delivering surplus power to the motor and without 
the risk of failing to maintain the set reference speed. 

The functioning of the control system of the invention 
may be summarized as follows: once the load is assessed and 

40 the maximum slip value permitted is fixed, when the error in 
terms of speed becomes large, a larger torque is needed, 
which may be obtained by incrementing the PWM index 
and, eventually, also the stator frequency to modify the 
operating point to make available the maximum torque, at all 

45 times. The increment of the stator frequency is limited by the 
accepted maximum slip that under no circumstances can be 
exceeded. As a matter of fact, an excessive increment of the 
stator frequency with respect to that of the rotor would cause 
a large slip and, therefore, decrease the torque that may be 

50 supplied by the motor and thereby diminish the efficiency. 
According to the present invention, the problem of slip 
control is addressed based on the use of a fuzzy logic 
microcontroller which estimates the maximum slip allowed 
at a certain speed and the modulation index that is necessary 

55 to maintain an optimal operating point. 

According to an embodiment of the invention, the driving 
system of a three-phase motor comprises a generator of 
PWM drive signals of a certain base frequency (or stator 
frequency) mutually out of phase by 120° as a function of 

60 digital control data, respectively of the frequency and of the 
PWM modulation index, input to the PWM generator. A first 
digital comparator compares a first datum representative of 
the rotation speed of the motor with a second datum that sets 
the desired speed and outputs a third or error datum. 

65 Dedicated means generate the first datum as a function of the 
motor's rotation speed. A second digital comparator com- 
pares the first datum with a preset value of the base fre- 
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quency and produces a fourth datum that represents the slip. depicted in FIG. 4. The essential aspects that characterize the 
A fuzzy logic controller processes according to a fuzzy system of the invention arc the use of a fuzzy logic controller 
algorithm the third digital datum (error), the fourth datum &nd> according to the embodiment described, of an adder and 
(slip) and the first datum (speed of the motor) and outputs a of an up datable register (correction) of the stator phase- 
fifth datum of adjustment of the base frequency and a sixth s switchin fr ^ ^ ^ ^ to ^ pwM 
datum of adjustment of the PWM modulation index. ^ rf a comparator of ^ ^ ^ of 
According to an embodiment with an incremental type of ^ rotor , s ^ , m t0 lhc ra mntrolkT a 

control, the system may also include a register, updatable by . ,. 

• li r , . ■ iL cc, ,- ; representing the sup. 
the microprocessor, capable of containing the fifth adjust- 

ment datum of the base frequency. The system may also i° According to a preferred embodiment of the invention, 

include an adder/subtractor-therefor circuit having first me number of pulses per revolution generated by the 

inputs through which the fifth datura is fed in the form of a encode r, keyed on the axle of the motor, is divided by a 

correction value produced by the fuzzy logic dedicated divider stage, preferably equipped by a Schmidt 

nucroprocessor, as an alternative to presetting a certain tri . ciraiiL ^ , . 

value of base frequency, and second mputs through which is 15 , ■ . . . .... . j c 

, ... , f.i. u t * . « . - grammedaccordmgtothecharactensticsof the motor and of 

fed the value of the base frequency stored in the register and , / * , c . ,. . , 

output nodes onto which is produced a regulated value of the * c ^namo (encoder), provides for the same digital value 

frequency fed lo the PWM generator and which is recorded for ldentl l Cal V * lueS °[ ±e !° l0 < b * « L Jnn « ml ° 

in the register as the updated datum of the base frequency. acc0UQl raUo betwecQ the Dumber of P° les of the encoder 

In this way, the number of coding bits of the adjustment M and that of the particular motor. 

datum produced by the microprocessor is freed from the i n cascade to the divider, there is a counter that provides 

actual level of definition (for example with words of 16 bits) t0 the digital control system a datum representative of the 

of the base frequency. rotor's speed, which may be codified, for example, in bytes 

BRIEF DESCRIPTION OF THE DRAWINGS 25 of ^ h \ bits ^ vcn a **» J*>- A Js™ 

comparator produces the dill ere nee between the two digital 

The different aspects and advantages of the invention will values, that is, between the reference and the real speed of 

become even more evident through the description of an the motor in the form of a digital error datum which, in the 

important embodiment and by referring to the annexed illustrated example, is also encoded in words of eight bits 

drawings, wherein: 30 (seven bits and a sign bit). 

FIG. 1 shows a typical torque-speed characteristic curve A rator tne difference 

of a three-phase motor as in the prior art; , . , . . . .. . « . - 

r r between the datum that represents the motor speed, that is, 

FIG. 2 shows the characteristic curve of an electronically the rotor fre ^ the datum mat rc p rese nts the stator 

controlled three-phase motor as in the prior art; frequency, that is, the base frequency thai is fed to the PWM 

FIG. 3 is a diagram showing the effect of increasing the dr j vc circuit. The second comparator outputs a datum rep- 

PWM modulation index on the torque-speed characteristic rese ntative of the slip value which is input together with the 

of the motor as in the prior art; speed enor damm and ^ the inslamaneous speed datum 

FIG. 4 is a block diagram of the fuzzy logic control t o the fuzzy logic controller, 
system of a three-phase motor, according to an embodiment 

of the present invention; 1° casc °f m incremental control, the fuzzy logic con- 

FIG. 5 show a functioning scheme of the fuzzy logic troller calculates the needed correction of the stator 

control system of the invention; frequency, otherwise it calculates the new value (already 

mr-o c j *L .t.£ . - j o- c updated) of stator frequency and an appropriate PWM 

FIGS, ba and 6b compare the functioning differences of , , • , „ j ,- . 

a motor-system with a known type of control and with a < 5 ™ dulat ™ '° de *> ^ as ^ P e ™» ed sl JP a 

fuzzy logic control, according to the present invention; thc current ^ of ** motor - In Jlustraled exam P lc of 

- ■ , . . . c u • j . an incremental control system, an adder is used to update the 

FIG. 7 is the equivalent circuit scheme of a phase-winding , , „. t , J . . . . . r , 4 . 

of the motor V 0 neW stator f fet l uenc y to De imposed onto the 

„ ' , ,. . , , . . . PWM generator in conjunction with the correct modulation 

FIG. 8 shows the diagrams of the membership functions value 

of the "input speed" variable of the motor in a system of the 50 

invention; and FIGS. 8 and 9 indicate the diagrams of the input and 

FIG. 9 shows thc diagrams of the membership functions output variables of the fuzzy logic microprocessor, 

of the variable "maximum permitted slip" in a fuzzy logic The ^ w|cs defining ^ ljmi| vaIues of lhe slip ^ a 

control system of thc invention. 5s q{ ^ actual spee( , of ^ motQr afC in (|w 

DETAILED DESCRIPTION OF THE following table: 
PREFERRED EMBODIMENTS 

By referring lo a typical characteristic curve of an elec- 

ironically driven motor, as already described in relation to 60 \* M°t«_Spccd is ^tU^™^ " ax - sl I i P 15 Vcr y-'°* 

i7i/- i L a . r- ■ .i. mi»j ■ | . » . . W IF Motor_Spccd IS low THEN Max_shp IS Low 

FIG. 2, the effect of increasing the PWM modulation index IF Motor _ s £ cd IS ^ then is High 

is illustrated in FIG. 3. The other driving control parameter if Motor_Spccd is very_high then Max_siip is vfcry_high 

is represented by the base frequency or stator frequency 

which, compatibly to the maximum permitted slip at a 

certain speed, alters the operating point of the motor. The fuzzy rules of control of the modulation index as a 

A basic diagram of a fuzzy logic control system of a function of thc slip and of the rotor frequency are recited in 

three-phase motor according to the present invention is the following table: 
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EF (SKp IS Zero OR Slip IS Negative) AND Motor_Spced IS 

Veiy_k>w THEN Modulatioa_index IS Vcry_low 

IF (SKp IS Zero OR Slip IS Negative) AND Motoi_Speed IS 5 

low THEN Modubtion_indcx IS bow 

IF (Slip IS Zero OR Slip IS Negative) AND Motor_Speed IS 

high THEN Modulstion^index IS High 

IF (Slip IS Zero OR Slip IS Negative) AND Motoi_Speed IS 

Vfcry_high THEN Modtilaiiou_indcx IS Very_high 

IF Slip IS Positive AND Motor_Speed IS Very_low THEN 10 

Modulstian_index IS Very_low 

IF Slip IS Positive AND Motor_Speed IS low THEN 

Modul£Uon_index IS Low 

IF Slip IS Positive AND Motoi„Speed IS high THEN 
Modulstioo_index IS High 

IF Slip IS Positive AND Motor_Speed IS Very_high THEN 15 
Modulation_index IS Very high 



Naturally, in case the fuzzy microprocessor elaborates 
time-by-time the correct stator frequency value (already 
updated) expressed in a number of bits adequate for the 
required degree of definition, there is no need for an adder 
and an updatable register. 

According to an alternative embodiment of the system of 
the invention, it is possible to eliminate the need for an 
encoder (sensor) keyed on the motor's axle, to provide for 
an indication of the instantaneous motor speed, by exploit- 
ing the processing capacities of the fuzzy logic processor to 
calculate the speed of the motor from the phase angle (cosi4>) 
between the voltage and the driving current flowing through 
any of the phase-windings of the motor, once the inductance 
and resistance values of the equivalent electric model of the 
phase-winding are known. As a matter of fact, the equivalent 
electrical scheme of a phase-winding of the motor may be as 
shown in FIG. 7, which highlights how a resistance of the 
electrical model depends on the actual slip. 

Once established, the relationship that exists between the 
phase difference (cosufe) between voltage and current and the 
slip (from which depends the value of one of the resistances 
of the equivalent electric model of a motor's phase- 
winding), the fuzzy processor is capable by applying the 
above equation (1) as a function of the frequency of the 
stator, to calculate the actual motor speed. In this manner, an 
essentially sensorless control system may be realized that 
retains the same performance of a system equipped with an 
encoder. 

In case of a sensorless embodiment, it is evident of the 
need to provide to the fuzzy processor the values of induc- 
tance and resistance of the equivalent electrical model of the 
motor stator windings to permit the processor to elaborate 
the relationship between the cost and the slip (upon which 
depends one of the resistances of the equivalent electric 
model of FIG. 7). From such a model, by knowing the 
frequency of stator, the microprocessor is capable of calcu- 
lating the actual speed of rotation of the motor. Evidently, in 
an alternative sensorless embodiment as just described, the 
scheme of FIG. 4 docs not require the encoder and the 
associated blocks of the Divider and Counter, because the 
rotation speed is calculated by the fuzzy controller. 

In the example of the embodiment shown in FIG. 4, the 
number of pulses per revolution generated by the encoder 
depends on the ratio between the number of poles of the 
lachometric sensor keyed on the motor's axle and the 
number of poles of the motor. In consideration that this ratio 
may vary, homogeneous measures of the impressed stator 
frequency and of the rotational speed are provided for by 
adding in cascade, a divider circuit, preferably equipped 
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with a Schmidt trigger input stage, which, properly pro- 
grammed according to the characteristics of the motor and of 
the tachometric sensing, permits obtaining the same digital 
value for identical stator frequency values. This defines the 
slip calculation as the difference between the digital vahie of 
the stator frequency and that of the rotor. 

In cascade to the divider circuit there is a counter that 
codifies the value in bytes of 8 bits (seven bits plus one sign 
bit). A first comparator (1°) calculates the difference between 
the two digital values of reference speed and of the actual 
instantaneous speed of the motor producing an error datum. 
A second comparator (11°) calculates the difference between 
the rotor frequency and the stator frequency producing a slip 
datum. The fuzzy microprocessor calculates the correction 
to the value of the stator frequency (in case of an incremental 
control, otherwise calculates the maximum permitted slip at 
that speed and the new corrected value of stator frequency), 
and the correct modulation index. In case of incremental 
control, the adder and the associated register block update 
the value of stator frequency and input it to the PWM 
generator block. 

The diagrams of the input and output fuzzy variables used 
for controlling the slip are shown in FIGS. 8 and 9, respec- 
tively. 

What is claimed is: 

1. A method of controlling pulse width modulation 
(PWM) driving of a multi-phase motor to limit slip to a 
maximum percentage of the stator drive frequency, wherein 
slip is a difference between a stator drive frequency and a 
rotor frequency corresponding to a rotational speed of the 
motor, the method comprising the steps of: 

inputting to a processor data representative of the rotor 
frequency, the stator drive frequency, a reference fre- 
quency corresponding to a required rotational motor 
speed, and a torque characteristic as a function of the 
stator drive frequency; and 

determining an appropriate value of the stator drive 
frequency, a PWM modulation index and the maximum 
percentage value of the slip at a current rotor frequency 
by a fuzzy logic algorithm implemented in the proces- 
sor and without using a look-up table of preestablished 
slip values. 

2. A method according to claim 1, further comprising the 
steps of: 

feeding to said processor data representative of electrical 
parameters of phase-windings of the motor; and 

calculating by a fuzzy logic algorithm the current rotor 
frequency corresponding to a current rotational speed 
of the motor as a function of the electrical parameters 
and of a power factor (cost$). 

3. A method according to claim 1, wherein the step of 
determining an appropriate value of the stator drive fre- 
quency comprises determining an appropriate incremental 
value. 

4. A method according to claim 3, further comprising the 
step of adding the appropriate incremental vahie to a pre- 
vious vahie. 

5. A method according to claim 1, wherein the step of 
determining an appropriate value of the stator drive fre- 
quency comprises determining a total new vahie of the stator 
drive frequency. 

6. A method according to claim 1, wherein the step of 
inputting data representative of rotor frequency comprises 
the steps of: 

sensing a rotational speed of the rotor; and 
generating a datum representative of the sensed rotational 
speed of the rotor. 
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7. A method according to claim 6, further comprising the 
step of comparing the datum representative of the sensed 
rotation speed to datum representative of the reference 
frequency. 

8. A method according to claim 1, wherein the multi- 
phase motor is a three-phase motor with each phase winding 
being 120° out of phase from adjacent phase windings. 

9. A method of controlling pulse width modulation 
(PWM) driving of a multi-phase motor to limit slip to a 
maximum percentage of the stator drive frequency, wherein 
slip is a difference between a stator drive frequency and a 
rotor frequency corresponding to a rotational speed of the 
motor, the method comprising the steps of: 

inputting to a processor data representative of the rotor 
frequency, the stator drive frequency, a reference fre- 
quency corresponding to a required rotational motor 
speed, and a torque characteristic as a function of the 
stator drive frequency; 

feeding to said processor data representative of electrical 
parameters of phase-windings of the motor; 

calculating by a fuzzy logic algorithm implemented in the 
processor a current rotor frequency corresponding to a 
current rotational speed of the motor as a function of 
the electrical parameters and of a power factor (cos<f>); 
and 

determining an appropriate value of the stator drive 
frequency, a PWM modulation index and the maximum 
percentage value of the slip at the current rotor fre- 
quency by a fuzzy logic algorithm implemented in the 
processor. 

10. A method according to claim 9, wherein the step of 
determining an appropriate value of the stator drive fre- 
quency comprises determining an appropriate incremental 
value. 

U. A method according to claim 10, further comprising 
the step of adding the appropriate incremental value to a 
previous value. 

12. A method according to claim 9, wherein the step of 
determining an appropriate value of the stator drive fre- 
quency comprises determining a total new value of the stator 
drive frequency. 

13. A method according to claim 9, wherein the multi- 
phase motor is a three-phase motor with each phase winding 
being 120* out of phase from adjacent phase windings, 

14. A driving system for a multi-phase motor of a type 
comprising a rotor and a stator, the driving system compris- 
ing: 

a generator circuit for generating pulse width modulation 
(PWM) drive signals at a certain base stator frequency 
as a function of digital control data for the stator 
frequency and for a PWM modulation index, respec- 
tively; 

a first digital comparator for comparing a first datum 
representative of a rotational speed of the motor and a 
second datum representative of a reference speed and 
for outputting a third error datum; 

a second digital comparator for comparing the first datum 
and the stator frequency and producing a fourth datum 
representative of slip; and 

a fuzzy logic processor for processing according to a 
fuzzy algorithm the third error datum, the fourth datum 
representative of slip, and the first datum representative 
of the rotational speed, and for producing a base 
frequency datum and a PWM modulation index datum. 

15. A driving system according to claim 14, further 
comprising means for generating the first datum. 

16. A driving system according to claim 15, wherein said 
means for generating comprises an encoder. 

17. A driving system according to claim 14, wherein said 
fuzzy logic processor further comprises means for determin- 



ing the first datum based upon electrical characteristics of 
phase windings of the multi-phase motor. 

18. A driving system according to claim 14, further 
comprising: 

s a register containing a current digital base frequency 
datum; and 

an adder/subtractor circuit having first inputs through 
which an adjustment datum produced by said fuzzy 
logic processor is fed and second inputs through which 
10 said base frequency datum stored in said register is fed 
and output nodes onto which an updated value of said 
base frequency is produced and fed to said generator 
circuit and stored in said register. 

19. A driving system according to claim 14, wherein the 
15 multi-phase motor is a three-phase motor with each phase 

winding being 120° out of phase from adjacent phase 
windings. 

20. A driving system for controlling pulse width modu- 
lation (PWM) driving of a multi-phase motor to limit slip to 

20 a maximum percentage of the stator drive frequency, 
wherein slip is a difference between a stator drive frequency 
and a rotor frequency corresponding to a rotational speed of 
the motor, the driving system comprising: 
a processor; and 
25 input means for inputting to said processor data repre- 
sentative of the rotor frequency, the stator drive 
frequency, a reference frequency corresponding to a 
required rotational motor speed, and a torque charac- 
teristic as a function of the stator drive frequency; 
30 said processor comprising fuzzy logic means for deter- 
mining an appropriate value of the stator drive 
frequency, a PWM modulation index and the maximum 
percentage value of the slip at a current rotor frequency 
by a fuzzy logic algorithm. 
35 21. A driving system according to claim 20, further 
comprising; 

means for feeding to s aid processor data representative of 
electrical parameters of phase- windings of the motor; 
and 

40 means for calculating by a fuzzy logic algorithm the 
current rotor frequency corresponding to a current 
rotational speed of the motor as a function of the 
electrical parameters and of a power factor (cos4>). 

22. A driving system according to claim 20, wherein said 
45 fuzzy logic means comprises means for determining an 

appropriate incremental value of the stator drive frequency. 

23. A driving system according to claim 22, further 
comprising adder means for adding the appropriate incre- 
mental value to a previous value. 

24. A driving system according to claim 20, wherein said 
50 fuzzy logic means comprises means for determining a total 

new value of the stator drive frequency. 

25. A driving system according to claim 20, wherein said 
input means comprises: 

sensing means for sensing a rotational speed of the rotor; 
55 and 

generating means for generating a datum representative of 
the sensed rotational speed of the rotor. 

26. A driving system according to claim 25, further 
comprising means for comparing the datum representative 

60 of the sensed rotation speed to datum representative of the 
reference frequency. 

27. A driving system according to claim 20, wherein the 
multi-phase motor is a three-phase motor with each phase 
winding being 120* out of phase from adjacent phase 

65 windings. 
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[30] Foreign 
Application 
Priority Data 


Delete: "Aug. 6, 1997 [IT] Italy VA97A000r 
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In the Specification 

Column 3, Line 1 1 


Delete: "adder/subtractor-therefor" 
Insert -- adder/subtractor — 


Column 5, Line 28 


Delete: "(cost<t>)" 
Insert -- cos(f> « 




1 n i ir"r"iTi ^ I iti#> At 

N-'Uiuiiiii jy l^inc j i 


Delete: "(cost*) 1 * 
Insert - cos(J> - 




Column 6 t Line 50 


Delete: "(cost(|>)" 
Insert — cos$ — 
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